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Figure 1. Hydra growth and differential expression of Hydra genes resulting from symbiosis. (A) Hydra viridissima strain A99 used for this study. Scale
bar, 2 mm. (B) Growth rates of polyps grown with native symbiotic Chlorella A99 (Hv_Sym, dark green), Aposymbiotic polyps from which Chlorella were
removed (Hv_Apo, orange) and aposymbiotic polyps reinfected with Chlorella variabilis NC64A (Hv_NC64A, light green). Average of the number of
hydra in each experimental group (n = 6) is represented. Error bars indicate standard deviation. (C) Graphic representation of differentially expressed
genes identified by microarray. The transcriptome of Hv_Sym is compared with that of Hv_Apo and Hv_NC64A with the number of down-regulated
contigs in Hv_Sym shown in red and those up-regulated in green. Genes differentially expressed in Hv_Sym compared to both Hv_Apo and Hv_NC64A
are given as ‘A99-specific’, those differentially expressed between Hv_A99 and Hv_Apo but not Hv_NC64A as ‘Symbiosis-regulated’. (D) GO
distribution of Biological Process at level two in all contigs (All), up-regulated contigs (Hv_Sym > Hv_Apo) and down-regulated contigs
(Hv_Sym < Hv_Apo) in Hv_Sym. (E) Overrepresented GO terms in up-regulated contigs (Hv_Sym > Hv_Apo) and down-regulated contigs
(Hv_Sym < Hv_Apo). Category, F: molecular function, C: cellular component, P: biological process. P-values, probability of Fisher’s exact test. #Test,
number of corresponding contigs in differentially expressed contigs. #Ref, number of corresponding contigs in all contigs.
DOI: https://doi.org/10.7554/eLife.35122.003
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Figure 1—figure supplement 1. Chlorella sp. A99 and Chlorella variabilis NC64A in Hydra viridissima A99. (A) Average number of algae per Hydra cell,
for native Chlorella sp. A99 (Hv_Sym) and aposymbiotic Hydra re-infected with Chlorella variabilis NC64A (Hv_NC64A). P: p-value of student t-test. (B)
Endodermal epithelial cells of Hv_Sym showing intracellular algae (C) Endodermal epithelial cells of Hv_NC64A. Scale bar, 20 mm.
DOI: https://doi.org/10.7554/eLife.35122.004
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Figure 1—figure supplement 2. Conserved genes and species-specific genes differentially expressed in symbiotic Hydra. Distribution of well-
conserved Hydra viridissma genes (pink), Hydra viridissima-specific genes (green) and other genes (shared by some but not all metazoans, gray) among
eight metazoans: Hydra magnipapillata, Acropora digitifera, Nematostella vectensis, Strongylocentrotus pupuratus, Branchiostoma floridae, Homo
sapiens and Drosophila melanogaster and Hydra viridissima A99. Pie charts are shown for all contigs (All), up-regulated contigs (Hv_Sym > Hv_Apo) and
down-regulated contigs (Hv_Sym < Hv_Apo).
DOI: https://doi.org/10.7554/eLife.35122.005
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Figure 1—figure supplement 3. Glutamine synthetase (GS) genes in Cnidarians. (A) Phylogenetic tree of the GS gene of four species in Cnidarians.
While anthozoans (Nematostella vectensis, Acropora digitifera) have a single GS gene, Hydra magnipappilata (Hma) has five genes and Hydra
viridissima A99 has three genes, Hv_1046 (GS-1), Hv_315 (GS-2) and Hv_4671 (GS-3). (B) Average of relative expression level of the three GS genes in
Hv_Sym, Hv_NC64A and Hv_Apo as determined by microarray analysis. Error bars indicate standard deviation. P-value of t-test, *<0.05.
DOI: https://doi.org/10.7554/eLife.35122.006
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Figure 2. Differential expression of Hydra genes under influence of Chlorella photosynthesis. (A) Sampling scheme. Hv_Sym (green) and Hv_Apo
(orange) were cultured under a standard light-dark regime (Light: L) and in continuous darkness (Dark: D), and RNA was extracted from the polyps at
the days indicated by red arrows. (B) Expression difference of five A99-specific genes in Hv_Sym (green bars) and Hv_Apo (orange bars) between the
light-dark condition and darkness. The vertical axis shows log scale (log2) fold changes of relative expression level in Light over Dark. (C) Sampling
scheme of inhibiting photosynthesis. (D) Differential expression of the five A99-specific genes under conditions allowing (Control) or inhibiting
photosynthesis (DCMU). The vertical axis shows log scale (log2) fold changes of relative expression level in Control over DCMU treated. T-tests were
performed between Light and Dark (B), and DCMU and Control (D). For each biological replicate (n = 3) 50 hydra polyps were used for total RNA
extraction. Error bars indicate standard deviation. P-value of t-test, *<0.05, **<0.01.
DOI: https://doi.org/10.7554/eLife.35122.012
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Figure 2—figure supplement 1. Differential expression of symbiosis-dependent Hydra genes grown under light/dark condition and in darkness. (A)
Sampling scheme. Hv_Sym was cultured in the light-dark condition (Light: L) and in the continuous dark (Dark: D). Gene expression levels were
examined by qPCR at 1, 2, 4 days for each condition (red arrows). (B) Expression difference of the genes in Hv_A99 between the two conditions.
DEATH-1 and DEATH-2: Death domain containing proteins (gene ID: 6508 and rc_2417), TIR: Toll/interleukin-1 receptor domain containing protein
(gene ID: 5168), PRKRIR: protein-kinase interferon-inducible double stranded RNA dependent inhibitor, repressor of (p58 repressor) (gene ID: rc_9398),
ephrinR: ephrin receptor (gene ID: 26108), CLEC: C-type mannose receptor (gene ID: 11411), PRRT1: proline-rich transmembrane protein 1 (gene ID:
rc_24563). For each biological replicate (n = 3) 50 hydra polyps were used for total RNA extraction. The vertical axis shows log scale (log2) fold change
of relative expression levels in the light condition over the dark condition. Error bars indicate standard deviation. Pvalue of t-test, *<0.05, **<0.01.
DOI: https://doi.org/10.7554/eLife.35122.013
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Figure 3. Spatial expression patterns of genes coding for glutamine synthetase, Spot 14 and Na/Pi-transporter.
(A-F); Whole mount in situ hybridization using antisense (A–C) and sense probes (D-F; negative controls) for
glutamine synthetase-1 (GS-1; left), Spot 14 (center) and Na/Pi-transporter (NaPi; right). Inserts show cross sections
of the polyp’s body. (G–I) Relative expression levels of whole animal (whole), isolated endoderm (End) and isolated
ectoderm (Ect) tissue of Hv_Sym (green bars) and Hv_Apo (orange bars). For each biological replicate (n = 3) 10–
20 hydra polyps were used for total RNA extraction of endodermal and ectodermal tissue. T-test was performed
between Hv_Sym and Hv_apo. Pvalue, *<0.05, **<0.01. (J) Expression change of genes GS-1, Spot14, NaPi, Sym-1
and Sym-2 following exposure to 25, 50 and 100 mM maltose in Hv_Apo. For each biological replicate (n = 3) 50
hydra polyps were used for total RNA extraction The vertical axis shows log scale (log2) fold changes of relative
expression level of maltose-treated over the untreated Hv_Apo control. T-test was performed between maltose-
treated in each concentration and control (*: p value <0.05) and Kruskal-Wallis test (†: p value <0.05) in the series
of 48 hr treatment were performed. Error bars indicate standard deviation.
DOI: https://doi.org/10.7554/eLife.35122.017
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Figure 3—figure supplement 1. Tissue isolation of green hydra. (A) Isolated endoderm (left) and isolated ectoderm (right). Scale bar, 1 mm.
Expression levels of an endoderm-specific gene finalASM_15403 (B) and that of an ectoderm specific gene finalASM_344 (C) in whole hydra (Whole)
and isolated endoderm (End) and ectoderm (Ect) were examined to confirm whether tissue isolation had performed properly. For each biological
replicate (n = 3) 10–20 hydra polyps were used for total RNA extraction of endodermal and ectodermal tissue. Error bars indicate standard deviation.
DOI: https://doi.org/10.7554/eLife.35122.018
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Figure 3—figure supplement 2. Effects of sugars on Hydra growth. Effects of growth in presence of maltose (A), glucose (B), sucrose (C) and galactose
(D) on gene expression of GS-1, Spot14 and NaPi. Hv_Apo were cultured in medium containing 10, 25, 50 or 75 mM of each sugar for 48 hr, and 75 mM
Figure 3—figure supplement 2 continued on next page
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Figure 3—figure supplement 2 continued
maltose (orange) and glucose (blue) for 6 hr (E). RNA was extracted from the polyps in the light condition. Expression difference of the genes was
examined by qPCR. For each biological replicate (n = 3) 50 hydra polyps were used for total RNA extraction. The vertical axis is log scale (log2) fold
change of relative expression level of sugar-treated hydras over controls. T-test (*: p-value<0.05) in each concentration and Kruskal-Wallis test (†:
pvalue <0.05) in the series of 48 hr treatment were performed. Error bars indicate standard deviation.
DOI: https://doi.org/10.7554/eLife.35122.019
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Figure 4. Comparison of key features deduced from the Chlorella A99 genome with other green algae. (A) Phylogenetic tree of eight genome
sequenced chlorophyte green algae including Chlorella sp. A99. The NJ tree is based on sequences of the 18S rRNA gene, ITS1, 5.8S rRNA gene, ITS2
and 28S rRNA gene. (B) Genomic features and taxonomy of the sequenced chlorophyte green algae. Hel: Helicosporidium sp. ATCC50920. (C) The
proportion of similarity of Chlorella A99 gene models to those of other organisms.
DOI: https://doi.org/10.7554/eLife.35122.022
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Figure 5. Genes missing in the genome of Chlorella A99. Functional categorization of genes present in Coccomyxa subellipsoidea C169 (A, C) and
genes missing in Chlorella A99 (B, D) by GO terms using Bast2GO. Multilevel pie charts show enrichment of GO’ Biological Process’ terms (A, B) and
GO ‘Molecular Function’ terms (C, D) on the lowest level, which cover at least 10% of the total amount of annotated sequences.
DOI: https://doi.org/10.7554/eLife.35122.025
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Figure 6. Nitrogen assimilation pathways in Chlorella A99. (A) Schematic diagram of the nitrogen assimilation
pathway in plants showing the function of nitrate transporters NRT1 (peptides/nitrate transporter) and NRT2
(nitrate/nitrite transporter), nitrate assimilation-related components NAR1 and NAR2, nitrate reductase NR, nitrite
reductase NiR, ammonium transporter AMT, glutamate synthetase GOGAT and glutamine synthetase GS. Genes
shown in red boxes (NRT2, NAR2 and NiR) were not found in the Chlorella sp. A99 genome. (B) Table showing the
number of nitrogen assimilation genes in Chlorella sp. A99 (A99), Chlorella variabilis NC64A (NC64A), Coccomyxa
subellipsoidea C169 (C169), Volvox carteri f. nagariensis (Vc), Chlamydomonas reinhardtii (Cr), Ostreococcus tauri
(Ot) and Micromonas pusilla (Mp). (C) Gene clusters of nitrate assimilation genes around the shared NR genes
(blue) in the genomes of NC64A, C169 and A99. Red boxes show nitrate assimilation genes absent in A99 and
gray boxes depict other genes. Numbers below the boxes are JGI protein IDs of NC64A and C169. Numbers
below the genes of A99 are JGI protein IDs of the best hit genes in NC64A and C169 and their gene name.
DOI: https://doi.org/10.7554/eLife.35122.028
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Figure 6—figure supplement 1. PCR of nitrate assimilation genes. PCR amplification of genomic DNA
corresponding to the genes NRT2, NiR and NR (positive control) was performed in Chlorella sp. A99 (A99),
Chlorella variabilis NC64A (NC64A), Coccomyxa subellipsoidea C169 (C169) and Chlamydomonas reinhardtii (Cr).
DOI: https://doi.org/10.7554/eLife.35122.029
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Figure 7. Growth of green algae in presence of various nitrogen sources. The growth rate of Chlorella A99 (A99), Chlorella variabilis NC64A (NC64A)
and Coccomyxa subellipsoidea C-169 (C169) by in vitro culture was assessed for different nitrogen sources with casamino acids (blue), glutamine
(orange), ammonium (gray) and nitrate (yellow). Mean number of algae per ml were determined at 4, 8, 12 days after inoculation with 106 cell/ml. Error
bars indicate standard deviation.
DOI: https://doi.org/10.7554/eLife.35122.030
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Figure 7—figure supplement 1. PCR of 18S rRNA genes in cultured algae. PCR amplification of genomic DNA of the 18S rRNA gene was performed
in Chlorella A99 shortly after isolation from H. viridissima A99 (Isolated A99), cultured in medium containing glutamine (Glu) and in medium with
casamino acids for 12 days, with cultured NC64A and C169 added for comparison.
DOI: https://doi.org/10.7554/eLife.35122.031
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Figure 8. Molecular interactions in the symbiosis of cnidarians. (A) Summary of symbiotic interactions between Hydra and Chlorella A99. During light
conditions, Chlorella A99 performs photosynthesis and produces maltose (Mal), which is secreted into the Hydra symbiosome where it is possibly
digested to glucose (Gluc), shown in red. The sugar induces expression of Hydra genes encoding glutamine synthetase (GS), Na/Pi transporter (NaPi)
and Spot14. GS catalyzes the condensation of glutamate (Glu) and ammonium (NH4
+) to form glutamine (Gln), which is used by Chlorella as a nitrogen
source. Since the sugar also up-regulates the NaPi gene, which controls intracellular phosphate levels, it might be involved in the supply of phosphorus
to Chlorella as well (blue broken line). The sugar is transported to the ectoderm (red broken line) and there induces the expression of GS and Spot14.
In the Chlorella A99 genome, degeneration of the nitrate assimilation system and an increase of amino acid transporters was observed (green balloon).
(B, C) Comparison between Hydra-Chlorella symbiosis and coral-Symbiodinium symbiosis. Red indicates transfer of photosynthesis products from the
symbiont to the host, and blue indicates transfer of nitrogen sources from the host to the symbiont. While the host organisms Hydra and coral can
assimilate NH4
+ to Gln (B, C), assimilation of inorganic nitrogen by Symbiodinidium plays an important role for the symbiotic system in coral (C).
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